Abstract Elucidation of complex heterogeneous catalytic mechanisms at the molecular level is a challenging task due to the complex electronic structure and the topology of catalyst surfaces. Heterogeneous catalyst surfaces are often quite dynamic and readily undergo significant alterations under working conditions. Thus, monitoring the surface chemistry of heterogeneous catalysts under industrially relevant conditions such as elevated temperatures and pressures requires dedicated in situ spectroscopy methods. Due to their photons-in, photons-out nature, vibrational spectroscopic techniques offer a very powerful and a versatile experimental tool box, allowing real-time investigation of working catalyst surfaces at elevated pressures. Infrared reflection absorption spectroscopy (IRAS or IRRAS), polarization modulation-IRAS and sum frequency generation techniques reveal valuable surface chemical information at the molecular level, particularly when they are applied to atomically well-defined planar model catalyst surfaces such as single crystals or ultrathin films. In this review article, recent state of the art applications of in situ surface vibrational spectroscopy will be presented with a particular focus on elevated pressure adsorption of probe molecules (e.g. CO, NO, O 2 , H 2 , CH 3 OH) on monometallic and bimetallic transition metal surfaces (e.g. Pt, Pd, Rh, Ru, Au, Co, PdZn, AuPd, CuPt, etc.). Furthermore, case studies involving elevated pressure carbon monoxide oxidation, CO hydrogenation, Fischer-Tropsch, methanol decomposition/partial oxidation and methanol steam reforming reactions on single crystal platinum group metal surfaces will be provided. These examples will be exploited in order to demonstrate the capabilities, opportunities and the existing challenges associated with the in situ vibrational spectroscopic analysis of heterogeneous catalytic reactions on model catalyst surfaces at elevated pressures.
Introduction
Achieving ultimate control over catalytic activity and selectivity in heterogeneous catalytic reactions demands addressing not only the sophisticated macroscopic engineering problems such as reactor design and mass/heat transfer but it also requires tackling the fundamental scientific challenges at the molecular level. Thus, a detailed understanding of the complex morphology, chemical composition and electronic structure of the heterogeneous catalytic surfaces is the key for designing new catalytic processes which are efficient, sustainable, renewable and environmentally friendly. Unfortunately, most of the conventional spectroscopic or diffraction techniques that are commonly used for routine material characterization fail to provide a truly surface-sensitive description of the catalyst surfaces at the molecular level.
This important drawback stimulated the emergence of a multitude of novel surface-sensitive characterization techniques, such as X-ray photoelectron spectroscopy (XPS), low energy electron diffraction (LEED), scanning tunneling microscopy (STM), low energy ion scattering (LEIS), metastable impact electron spectroscopy (MIES), high resolution electron energy loss spectroscopy (HREELS) and many others [1] . However, most of these techniques rely on electrons or ions having extremely short elevatedpressure mean free paths, rendering their application to working catalysts difficult. Although some of the techniques such as XPS [2] [3] [4] and STM [5] [6] [7] [8] evolved over time to handle elevated pressures and temperatures, majority of these surface-sensitive techniques remained to be strictly ultra-high vacuum (UHV) based approaches for model catalyst characterization, which is commonly referred as the ''pressure gap'' problem (Scheme 1) [9] . Furthermore, in situ XPS and STM techniques often fail to provide accurate or unambiguous information about the nature of the surface functional-groups which are taking part in the catalytic reaction.
On the other hand, infrared reflection absorption spectroscopy (IRAS, IRRAS or RAIRS) [10, 11] , polarization modulation infrared reflection absorption spectroscopy (PM-IRAS or PM-IRRAS) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and sum frequency generation (SFG) [27] [28] [29] [30] [31] [32] are essentially photon-based surface-sensitive spectroscopic techniques which are significantly less prone to the presence of a high pressure gas phase environment surrounding the catalytic surface of interest. These techniques are extremely beneficial as they have the potential to provide a comprehensive description of the surface functional groups existing on the catalyst surface under working conditions. Thus, such surfacesensitive vibrational spectroscopic techniques provide invaluable opportunities for studying heterogeneous catalysis in real time under industrially relevant operational conditions and on complex model catalyst surfaces that can help bridge the so called ''materials gap'' (Scheme 1) [9] . Hence, in situ studies reveal new opportunities for obtaining molecular level insight about catalytic reaction mechanisms and structure-reactivity relationships.
Along these lines, in this review article, recent applications of state of the art in situ surface vibrational spectroscopic studies performed in the last decade in D. Wayne Goodman research group as well as other research groups are presented in order to demonstrate the capabilities, opportunities and the existing challenges associated with the in situ vibrational spectroscopic analysis of heterogeneous catalytic reactions on model catalyst surfaces at elevated pressures. This review is organized as follows: Sect. 2 gives a brief description of the experimental techniques relevant to the discussion. Sections 3.1.1 and 3.1.2 provide a discussion on the CO adsorption and NO adsorption, respectively which is followed by studies on CO ? NO reaction (Sects. 3.2.1 and 3.2.2). Section 3.2.3 focuses on high-pressure CO ? H 2 interactions which also includes studies relevant to Fischer-Tropsch chemistry. Section 3.2.4. details the mechanistic aspects of CO oxidation on platinum group metal (PGM) surfaces at elevated pressures. Section 3.2.5 deals with the catalytic methanol 
Experimental
Experiments that are discussed in this review have been performed in various custom-design multi-technique UHV surface analysis chambers, which are typically equipped with elevated pressure reactors that enable the use of in situ vibrational spectroscopic techniques (in the high-pressure mode) as well as other conventional surface analysis techniques (in the UHV mode). Further experimental details regarding the experimental hardware and procedures can be found in the relevant references cited in the text. Case studies that will be discussed in this review primarily utilize three main surface vibrational spectroscopic techniques namely, IRAS, PM-IRAS and SFG . As the main emphasis of the current text is the applications of in situ vibrational spectroscopies, detailed operational principles and the theoretical background associated with these spectroscopic techniques will not be discussed here. Instead, only brief descriptions of these techniques will be provided. For a more comprehensive discussion about these techniques, reader is referred to the cited references in the text and references therein. Briefly, PM-IRAS [12] [13] [14] [15] [16] is a versatile in situ spectroscopic technique that yields information about the surface species at solid-liquid or gas-solid interfaces by effectively removing the contribution from the background gas or liquid phase (Fig. 1) . Elimination of the vibrational contribution from gas-phase species is vital for the in situ analysis of solid-gas interfaces, as these species overwhelm the smaller IR signal corresponding to the adsorbed states. The basic operational principle of the PM-IRAS technique relies on the modulation (Fig. 1b) of a linearly polarized IR beam by dividing the linearly polarized light into an s-polarized beam (i.e. parallel to the surface of the sample), and a p-polarized beam (i.e. perpendicular to the sample surface). According to the surface selection rules of IR radiation reflected from electrically conducting surfaces (Fig. 1c) , [10] species adsorbed on a metal surface can only absorb p-polarized IR light, while any molecule in the isotropic gaseous or liquid phase can absorb both p-and s-polarized IR radiation. Thus, if p-polarized IR reflection signal is subtracted from the s-polarized signal and normalized by the total intensity of both p-and s-polarized IR reflection beams through a virtual double-beam spectroscopic approach, a normalized surface specific IR absorption signal, practically independent of the environmental conditions, can be obtained (Fig. 1d) .
On the other hand, vibrational SFG technique utilizes a second-order nonlinear optical process in which two light waves at different frequencies interact in a medium characterized by a nonlinear susceptibility tensor v (2) resulting in a wave corresponding to the sum of the frequencies of the interacting waves [28, 29, 35] . In order to obtain a SFG vibrational spectrum of adsorbates on a planar model catalyst, two picosecond laser pulses are spatially and temporally overlapped on the sample (Fig. 2) where one of the input laser pulses is in the visible frequency range having a fixed frequency (x vis ), and the second laser pulse has a variable (tunable) frequency in the mid-IR region (x IR ). Tuning the IR beam to the oscillatory frequency of the adsorbate results in a vibrational transition from the ground state to an excited state accompanied by a transition to a higher-energy virtual state through an anti-Stokes Raman process by the visible beam. Upon relaxation of the excited virtual state, a signal is generated with a frequency in the visible spectral region corresponding to the sum of the frequencies of the input laser beams (x SFG = x IR ? x vis ). Thus, a complete vibrational spectrum can be obtained by plotting the frequency of the input IR beam as a function of the SFG signal intensity. Selection rules associated with the SFG technique render this method a truly surface sensitive technique. In order to be SFG active, the vibrational mode of interest should be both IR and Raman active. This means SFG signal can be detected for the adsorbates at the gas/solid or liquid/solid interfaces where inversion symmetry is broken. However SFG is not allowed for the media having inversion symmetry such as bulk solids, liquids and gases [35] .
Results and Discussion

Adsorption of Simple Probe Molecules on Model
Catalyst Surfaces at Elevated Pressures 3.1.1 CO Adsorption 3.1.1.1 CO Adsorption on Pd(111) and Pd(100) Some of the early seminal vibrational spectroscopic studies on elevated-pressure CO adsorption on Pd single crystal surfaces were performed by Kuhn et al. [36] where they investigated CO/Pd(111) adsorption system within 10 -6 -10.0 Torr via IRAS technique (Fig. 3a) . A decade later, by utilizing the powerful in situ capabilities of the PM-IRAS technique, Fig. 2 Basic operational principles of SFG. a IR-vis SFG process [29] , b description of an SFG spectrometer based on a Nd:YAG picosecond laser system [29] , c various modes of operation for SFG: scanning, broadband, pump-probe and polarization-dependent operational modes [35] similar experiments were extended to even higher CO partial pressures (i.e. P CO = 450 Torr) by Ozensoy et al. [19] (Fig. 3b) and shortly after by Stacchiola et al. [37] . In conjunction with the high-resolution STM results on the CO/Pd(111) system [38] , it has been found [19] that CO forms identical set of ordered overlayers between 10 -6 -450.0 Torr on the clean Pd(111) substrate as a function coverage, without any indications for the presence of adsorbate induced surface reconstructions or any unusual high-pressure phenomena. These results clearly indicated that CO/Pd(111) is a uniquely interesting adsorption system, where the nature of the coverage-dependent CO/ Pd(111) overlayers are unusually invariant within nine orders of magnitude in CO pressure where similar ordered overlayers are observed at various coverages under different pressure-temperature conditions. These studies revealed that at a CO coverage of h CO = 0.33 ML (ML = monolayer), a (H3 9 H3) R 30°-1CO structure is observed (Fig. 3c) where CO resides primarily on threefold hollow sites revealing a C-O vibrational frequency of *1,850 cm -1 . Upon increasing the CO coverage to h CO = 0.50 ML, two coexisting c(4 9 2)-2CO phases appear in which CO is located on either the bridging sites or threefold hollow sites, yielding a vibrational signal at *1,920 cm -1 . For h CO = 0.50-0.75 ML, various complex overlayer structures are formed with a CO vibrational band near 1,965 cm -1 . Finally, the saturation CO coverage is obtained at h CO = 0.75 ML, revealing a (2 9 2)-3CO structure where CO is located on both atop and threefold hollow sites corresponding to vibrational features at 2,110 and 1,895 cm -1 , respectively. These PM-IRAS experiments were also in perfect agreement with the SFG experiments performed on the CO/Pd(111) system at elevated pressures yielding results consistent with the ones discussed above [39] . It is worth mentioning that special attention has to paid for cleaning the adsorbate gas (in this case CO) during the elevated pressure experiments (which can easily be achieved by keeping the CO container in a liquid nitrogen reservoir at 77 K throughout the experiments) in order to prevent accumulation of unwanted contaminations such as H 2 O or nickel/iron carbonyls (originating from the gas tank) on the catalyst surface which can be misinterpreted as new ''highpressure'' species [40] . Furthermore, SFG studies [40] on the CO adsorption on the defect-rich Pd(111) surfaces revealed the presence of bridging CO species at low coverages with a vibrational signature at 1,980-1,990 cm -1 which disappeared at high coverages yielding a saturation CO overlayer similar to that of the clean Pd(111) surface. Independent PM-IRAS [20] and SFG [41, 42] (a) (b) (c) Fig. 3 a In-situ IRAS data for CO adsorption on Pd(111) at P CO = 1 9 10 -6 Torr [36] ; b in situ PM-IRAS data for CO adsorption on Pd(111) at P CO = 450 Torr [19] ; c ordered CO overlayer structures on the Pd(111) single crystal surface. Note that an alternative c(4 9 2)-2CO structure containing only bridging CO molecules is also possible for h CO = 0.50 ML The first elevated-pressure PM-IRAS study on a metal nanoparticle system deposited on a crystalline ultrathin metal oxide film grown on a metallic substrate was performed by Ozensoy et al. [20] where they investigated CO adsorption on the Pd(*3.5 nm)/SiO 2 /Mo(112) model catalyst surface at 185 mbar (Fig. 4) . Comparison of the PM-IRAS data given in Fig. 4a with former UHV studies on CO/Pd(111) [36] and CO/Pd(100) [40] suggested that the silica supported Pd nanoparticles predominantly exhibited h111i facets with a minor contribution from h100i facets. Along these lines, 2,089 cm -1 was attributed to CO species adsorbed on the atop sites of the h111i facets of the Pd nanoclusters while the shoulder features located at 2,071 and 2,045 cm -1 were assigned to CO residing on defect sites of the Pd nanoparticles such as steps or edges. Furthermore, the vibrational features located at 1,957 and 1,895 cm -1 in Fig. 4a are associated with the CO molecules occupying bridging and threefold hollow sites of the h111i facets, respectively. Annealing-cooling cycles performed in the presence of CO gas phase on these two different model catalyst surfaces suggested that although such a treatment leads to the CO dissociation and the accumulation of carbonaceous species on the silica-supported Pd nanoparticles at elevated pressures, evident by the irreversible attenuation of the IR signal intensities and the existence of C-deposit (i.e. 271 eV signal) in the Auger electron spectra (AES) obtained after thermal cycles (Fig. 4a) , CO adsorption on Pd(111) is perfectly reversible even at elevated pressures without any indication of CO dissociation [20] . Furthermore, it was argued that CO molecules residing on the bridging or atop sites of the steps of the Pd nanoclusters were likely to be responsible for CO dissociation. It was proposed that after the initial dissociation of CO on the defect sites, atomic C and O diffuse to the neighboring atop (2,089 and 2,071 cm -1 ) and bridging sites (2,045 cm -1 ) in close proximity of the active sites. Attenuation of the broad vibrational band at 2,089 cm -1 then occurs. In a second anneal-cool cycle, further CO dissociation results in the spill-over of atomic C and O over the entire Pd cluster, resulting in nonselective attenuation of all vibrational features and to complete poisoning of the Pd clusters [20] . It is worth mentioning that CO dissociation over Pd surfaces is still a rather controversial issue where there exist studies in the literature reporting the dissolution of atomic C in the Pd(110) single crystal lattice and hence obscuring the detection of the dissociation process [46] , as well as other studies on Pd/Al 2 O 3 high surface area materials ruling out CO dissociation over supported Pd nanoparticles [47] .
Elevated-pressure CO adsorption on supported Pd nanoparticles deposited on alumina ultrathin films grown on NiAl(110) substrate was also studied comprehensively via SFG technique [39, 40, [48] [49] [50] .For instance, influence of the particle size on the nature of the Pd adsorption sites existing on the supported Pd nanoparticles were demonstrated ( Fig. 5 ) [48] where it was shown that the CO molecules prefer to adsorb predominantly on the atop sites on the smaller (3.5 nm) and defective/rough Pd particles for low CO coverages (Fig. 5a ), while on the bigger (6 nm) Pd particles exhibiting larger planar facets, CO is also found to adsorb on bridging sites (Fig. 5b) . Upon increasing the surface CO coverage with increasing CO pressure, both atop and bridging sites are populated on both surfaces although relative population of atop sites are still higher for smaller Pd particles. It is worth mentioning that these results are in good agreement with former UHV studies performed on similar systems [21] .
3.1.1.3 CO/Pt(111) CO adsorption on Pt(111) is one of the most extensively studied surface science systems in the literature which has been investigated via a large variety of surface science tools. At a CO coverage of 0.5 ML, an ordered c(4 9 2)-2CO overlayer is formed where CO was found to adsorb on both atop and bridging sites (Fig. 6 ) [51] [52] [53] [54] . For higher CO surface coverages two different compressed CO overlayers have been reported, namely the commensurate (7 9 H3)rect-10CO at h CO = 0.71 ML [55] and the hexagonal Moiré structures ((H19 9 H19)R23.4-13CO) at h CO = 0.68 ( Fig. 6 ) [55] .
Earlier experiments performed on the CO/Pt(111) adsorption system at elevated pressures have been reviewed by Rupprechter [29] . More recently, Carrasco et al. [53] combined a detailed set of PM-IRAS and SFG experiments on this system within 10 -7 -100 mbar ( Fig. 7 ) and provided a comprehensive description of the ordered high coverage (compressed) CO overlayers formed on Pt(111). PM-IRAS results in this work (Fig. 7a ) revealed the presence of two bridging CO features at 1,853 and 1,882 cm -1 as well as two different atop CO features at 2,098 and 2,109 cm -1 . It was demonstrated in this work that the presence of two different atop CO features are due to the coexistence of two different compressed CO overlayer domains [53] . 2,100 cm -1 signal was attributed to a c(7 9 H3)rect or a c(5 9 H3)rect domain which exists under kinetically hindered conditions below 200 K. On the other hand, 2,110 cm -1 signal was associated to a Moiré structure ( Fig. 6c ) which is formed within 200-300 K. The same study also showed that similar vibrational signatures can also be also reproduced via SFG technique (Fig. 7b, c) where two atop features could be observed at 250 K while a single atop feature was detected at 300 K. These results, combined with previous results in the literature, [29] suggested that although there is no obvious pressure gap for the CO/Pt(111) adsorption system, existence of different ordered and compressed CO overlayers at high coverages strictly depends on the preparation conditions of the CO overlayer and the subsequent dosing parameters such as temperature and pressure.
3.1.1.4 CO/Cu/Pt(111) In a recent study, Andersson and Chorkendorff [56] investigated elevated-pressure CO adsorption on a CuPt surface alloy (SA) prepared on a Pt(111) substrate via PM-IRAS (Fig. 8 ). This study demonstrated that CO adsorption can be used to monitor the state of the CuPt(SA) under oxidizing or reducing conditions at elevated pressures. Figure 8 shows that CO adsorbs in only atop configuration on the CuPt (SA) in UHV, while exposure to 200 mbar O 2 decreases the surface coverage of CO due to CO oxidation/CO 2 formation as well as oxidation of the CuPt (SA). It was shown that this oxidized CuPt (SA) could be reduced to its original state by 100 mbar CO adsorption and subsequent evacuation to UHV. This study also demonstrated that elevated pressure CO reduction is a successful method to regenerate CuPt (SA) surfaces which are initially treated with CO ? H 2 (P tot = 220 mbar, 4 % CO) within 300-573 K or CO ? H 2 O (P tot = 17 mbar, 50 % CO) demonstrating the stability of this surface as a potentially versatile model catalyst system. Fig. 4 In-situ PM-IRAS data for elevated-pressure CO adsorption on a Pd(*3.5 nm)/ SiO 2 /Mo(112) and b Pd(111) model catalyst surfaces. Top spectra in each panel show the initial CO adsorption on the clean model catalyst surfaces while the remaining spectra were obtained after annealingcooling cycles in the presence of the CO gas phase. Inset in (a) shows the C accumulation in AES after multiple annealingcooling cycles due to the CO dissociation on the silica supported Pd particles, while CO dissociation was not observed on Pd(111) upon a similar treatment [20] Fig. 5 CO adsorption on alumina supported Pd nanoparticles via SFG [48] . a Relatively ordered Pd nanoparticles with an average diameter of 6 nm grown at 300 K and b defective 3.5 nm Pd particles grown at 90 K. Population of a top sites is higher for defective/rough Pd particles particularly at low CO surface coverages Top Catal (2013) 56:1569-1592 1575 3.1.1.5 CO/Au(111), CO/Au(100) and CO/Au/TiO x / Pt(111) Although gold has been historically considered as a poorly active element in catalytic reactions, in their ground breaking study in 1989, Haruta et al. [57, 58] showed that Au can indeed be an extremely active metal in various catalytic reactions, especially when prepared in the form of supported nanoparticles. Later, Goodman and coworkers [59] demonstrated the quantum size effect for Au nanoparticles supported on TiO 2 , unraveling the complex alterations occurring in the electronic structure of Au nanoparticles as a function of particle size which had a direct impact on the catalytic activities of these systems.
Owing to these pioneering studies as well as other similar studies, today there exists a large family of homogeneous and heterogeneous catalytic reactions which utilize Au as an active catalytic component [60] . Along these lines, investigation of Au model catalyst surfaces at elevated pressures via in situ vibrational spectroscopies [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] is of particular interest, since such studies provide invaluable fundamental information regarding the surface structure and the nature of the adsorption sites of the challengingly complex industrial Au-based catalysts. Nakamura et al. [62] and Piccolo and co-workers [71] investigated CO adsorption on Au single crystal model catalyst surfaces at elevated pressures via PM-IRAS technique (Fig. 9) . They observed that at T [ 273 K, CO -9 mbar \ P CO \ 100 mbar at 300 K and via SFG within 10 -5 mbar \ P CO \ 100 mbar at b 300 K and c 250 K [53] Fig. 6 Ordered CO overlayers on Pt(111) at high coverages [53] : a c(4 9 2) or (2 9 H3)rect at h CO = 0.5, b c(7 9 H3)rect (h CO = 0.71), c (H19 9 H19)R23.4-13CO (h CO = 0. 68) vibrational signal was below the detection limit for CO pressures less than 10 -2 Torr. For CO pressures above 10 -2 Torr, CO was found to adsorb in atop configuration on Au(100), Au(111), Au(311) [62] and Au(110) [71] . Nakamura et al. [62] also reported that while atop CO species adsorbed on the terraces of Au(100), Au(111), Au(311) surfaces yielded a typical vibrational signature within 2,070-2,080 cm -1 , CO adsorbed on step edges in an atop fashion revealed a higher vibrational frequency at 2,117 cm -1 . This argument is in line with the work of Piccolo and co-workers [71] who observed an adsorbate (i.e. CO) induced reconstruction of the Au(110) surface via STM along with a CO vibrational signal at 2,110 cm -1 in PM-IRAS (Fig. 9d) . Same authors also reported COinduced roughening of the Au(111) surface at elevated pressures [61] .
In-situ vibrational spectroscopic studies at elevated pressures were also extended to 3D Au nanoparticles with various diameters deposited on a TiO 2 ultrathin film grown on a Ru(0001) substrate by Diemant et al. [66] (Fig. 10) . These results showed that on these defective and relatively small 3D Au clusters, CO vibrational frequency appeared around 2,110 cm -1 , consistent with the previous studies on Au single crystals suggesting that CO adsorbs in an atop fashion on Au clusters. Furthermore, CO adsorption energy values obtained from the PM-IRAS data suggested that the adsorption energy of CO decreases from 74 to 62 kJ/mol as the average diameter of Au clusters increase from 2 nm to 4 nm. In contrast, CO adsorption energies derived from CO ? O 2 mixtures in a similar fashion revealed a value of 63 kJ/mol which was independent of the Au particles size. Invariance in the CO adsorption energy as a function of Au particles size in the presence of CO ? O 2 mixture was attributed to the interactions between adsorbed CO and oxygen as well as site blocking rather than any alterations in the electronic structure or morphology changes of Au particles [66] . Similar elevated-pressure CO adsorption experiments performed on Au/TiO x /Pt(111) model catalyst surface containing reduced TiO x nano-patches suggested that the CO chemisorption strength primarily depended on the Au nanoparticle size and morphology, where smaller Au particles revealed a higher affinity towards CO, while the Ti oxidation state and the extent of reduction in the TiO x layer did not play a significant role [63] .
3.1.2 NO Adsorption 3.1.2.1 NO/Pd(111) NO adsorption on Pd(111) has been thoroughly studied via various vibrational spectroscopic techniques under UHV conditions [21] . These studies suggested that NO forms various coverage-dependent ordered overlayers on Pd(111) with typical NO vibrational frequencies associated with various adsorption sites that are summarized in Fig. 11 . NO adsorption experiments performed on Pd(111) at moderately high NO pressures such as 13.3 mbar (Fig. 12b) [22, 23] revealed that coverage-dependent NO overlayers formed under moderately high pressures are in good agreement with similar studies performed under UHV (Fig. 12a) [23, 72] . Although NO adsorption on Pd(111) within 10 -6 -13.3 mbar seems to suggest that no high-pressure species are formed in this adsorption system, recent PM-IRAS results and complementary theoretical calculations performed by Ozensoy et al. [22, 23] (Figs. 12c, 13 ) [22] showed that under extremely high NO pressures (e.g. 400 mbar) a new high-pressure (compressed) ordered monomeric NO overlayer (i.e.(3 9 3)-7NO) is formed revealing a higher NO surface coverage(h NO = 0.778 ML) than the conventional UHV saturation coverage of NO (p(2 9 2)-3NO, h NO = 0.75 ML). The most prominent characteristic feature of this new high-pressure NO overlayer was the increased population of threefold hollow sites of the Pd(111) surface. It is worth mentioning that ((3 9 3)-7NO structure is only observed under elevated temperature-pressure conditions (300 K, P NO = 400 mbar) and it cannot be obtained by increasing the NO surface coverage in UHV even at extremely low temperatures (e.g. 25 K) [23] . The lack of such a high coverage monomeric NO adsorption state at 25 K under UHV conditions suggests that formation of such a state requires a high Fig. 9 CO adsorption on various Au single crystal surfaces at elevated pressures via PM-IRAS. a-c Au(111), Au(100) and Au(311) at 273 K, respectively [62] and d Au(110) at 300 K [71] activation barrier which can be overcome only under elevated temperature and pressure conditions. These results particularly demonstrate that simple extrapolations based on UHV experiments at low temperatures and pressures may be misleading (at least for certain cases) for describing the elevated-pressure/temperature systems as these descriptions are only accurate as long as the thermodynamic equilibrium states are also kinetically accessible.
It has been reported in the literature that in addition to the monomeric adsorption states, NO can also form dimers on Pd(111) under UHV conditions at low temperatures, where NO surface coverage exceeds the monomeric saturation coverage and forms condensed multilayers [21] . However dimeric states of NO had never been reported to exist on Pd(111) at elevated temperatures and pressures until very recently, although such species are commonly observed on realistic high surface area catalysts under such conditions. Hess et al. [23] showed that by investigating NO adsorption via in situ PM-IRAS at high pressures (e.g. 400 mbar), existence of NO dimers (Pd-(ONNO)) and dinitrosyls (ON-Pd-NO) on Pd(111) single crystal model catalysts can be demonstrated (Fig. 14) . Figure 14a illustrates the influence of the initial adsorption temperature on the nature of the high-coverage NO adsorption states formed on Pd(111) at 400 mbar NO pressure. Topmost spectrum in Fig. 14a corresponds to an initial adsorption temperature of 300 K where NO dissociation is hindered by the relatively low surface temperature. Under these conditions, a set of vibrational features located at 1855, 1826, 1779 and 1537 cm -1 were observed, where 1779, 1855 and 1537 cm -1 can be attributed to the NO dimer species and the 1,826 cm -1 can be assigned to the symmetric N = O stretch of dinitrosyl species, i.e., a species where two NO molecules are bound to the same metal center.
On the other hand, when the initial NO adsorption is performed at 650 K (middle spectrum in Fig. 14a ), due to NO dissociation and partial blocking of the Pd(111) adsorption sites by dissociation products (i.e. atomic N and O) only a monomeric (3 9 3)-7NO overlayer (h NO = 0.778 ML) structure was obtained on Pd(111). Further NO dissociation induced by annealing this surface in the presence of 400 mbar NO pressure at 600 K and cooling back to 300 K (bottommost spectrum in Fig. 14a ) results in the formation of the conventional monomeric UHV saturation coverage structure (i.e. p(2 9 2)-3NO, h NO = 0.75 ML). It is worth mentioning that indirect evidence for the NO dissociation on Rh(111) at 1 Torr and 300 K was also reported by Wallace et al. [73] where they have only observed atop NO adsorption on Rh(111) without threefold NO adsorption (possibly due to the occupation of the threefold sites by the NO dissociation products), although former UHV studies on this surface indicated the existence of threefold NO at high surface coverages. It is also important to point out that although dimer species can be obtained on Pd(111) under UHV conditions at 25 K by increasing NO exposure (Fig. 14 b) , dinitrosyl species or the (3 9 3)-7NO monomeric compressed overlayer structure was not accessible in UHV.
Co-adsorption and Reaction on Model Catalyst
Surfaces at Elevated Pressures
CO ? NO Co-adsorption and Reaction on Pd(111)
It was illustrated in the previous sections that Pd(111) yields itself as an interesting model catalyst system where [66] . In each panel, the topmost spectrum was obtained at 303 K and the temperature is increased with 10 K increments for each of the lower spectrum where the last (bottommost) spectrum was also obtained at 303 K. Insets show the variation of the normalized CO surface coverage as a function of temperature. a 0.21 ML Au deposit (two atomic layers thick, *2 nm diameter particles), b 0.9 ML Au deposit (4-5 atomic layers thick, *3 nm diameter particles), c 1.6 ML Au deposit (6 atomic layers thick, *4 nm diameter particles)
Top Catal (2013) 56:1569-1592 1579 this surface reveals almost identical behavior in UHV and at elevated pressures when used with a particular probe molecule such as CO. In contrast, another simple diatomic probe molecule such as NO, leads to interesting and novel high-pressure states such as dinitrosyls or a compressed (3 9 3)-7NO monomeric overlayer structure which are only accessible upon kinetic activation at elevated temperatures and pressures. In a similar fashion, CO ? NO reaction on Pd(111) model catalyst surface has also proven to be interesting in terms of yielding new high-pressure species that cannot be observed under conventional UHV conditions. Former UHV surface science studies on the Pd(111), Pd(100) and more advanced model catalysts prepared by depositing Pd nanoclusters on metal oxide [22, 23] ultrathin films grown on metallic substrates were reviewed in detail in recent reports and thus will not be elaborated here [18, 21] .
The first in situ spectroscopic elevated pressure study for the CO ? NO reaction on Pd(111) planar model catalyst surface was performed by Ozensoy et al. [18, [24] [25] [26] where they exploited in situ PM-IRAS technique to investigate CO ? NO reaction at 240 mbar (Fig. 15) . In these studies, it was shown that in addition to the conventional monomeric CO and NO species that are adsorbed on various adsorption sites of the hexagonal Pd(111) surface (such as atop, bridging, threefold), presence of other surface reaction intermediates such as isocyanate (-NCO) and isocyanic acid (HNCO) were also detected on Pd(111) at elevated temperatures and pressures where the source of H was suggested to be the bulk of the Pd crystal. Although -NCO and HNCO species have been detected [74] on numerous industrial supported precious metal catalysts during the CO ? NO reaction and in the presence of H 2 or H 2 O; such species have been elusive to detect in former UHV surface science studies. Thus, the in situ PM-IRAS experiments performed with P CO?NO = 10 -6 , 10 -4 , 10
and 10 -1 mbar at 600 K (Fig. 15a ) demonstrated that detection of -NCO and HNCO species requires a kinetic activation which can only be fulfilled at sufficiently high temperatures and pressures. It is worth emphasizing that there exists also additional controversial work in the literature regarding the existence of HNCO species on Pd single crystal surfaces [75, 76] .
CO ? NO Co-adsorption and Reaction on AuPd(100)
Elevated pressure CO ? NO reaction has also been recently investigated on more advanced bimetallic AuPd(100) model catalyst surfaces via in situ PM-IRAS technique (Fig. 16 ) [69] . These studies indicated that the alloy catalyst exhibited higher CO 2 formation rates below 550 K than Pd single crystals due to the lower adsorption energy of NO and CO on the AuPd(100) surface leading to the presence of a larger number of available unoccupied surface sites for NO dissociation at lower temperatures. Furthermore, unlike Pd single crystal surfaces, adsorption energy of NO was found to be lower than that of CO for the CO:NO Spectrum was obtained by dosing the gas mixture at 600 K and subsequently cooling to 300 K [26] CO and NO reaction orders and a much higher selectivity towards N 2 , suggesting that Au promotion in conventional three way catalysts (TWC) may assist solving the ''cold start'' problem. Two global reaction pathways were proposed for this system [69] :
With the following elementary reaction steps:
COðgÞ $ COðadsÞ ð 3Þ
NOðgÞ $ NOðadsÞ ð 4Þ
NOðadsÞ ! NðadsÞ þ OðadsÞ ð 5Þ
It was demonstrated in this study that the global reaction pathway (1) dominates the AuPd(100) catalyst. Relatively small NO vibrational signals in Fig. 16a and b, supports the decreased adsorption strength of NO with respect to CO on the AuPd(100) model catalyst surface at various temperatures, total pressure and relative gas compositions. Two different kinetic regimes were apparent for the CO ? NO reaction the AuPd(100) surface (Fig. 16c) : a lower activation energy regime below 500 K corresponding to an apparent activation energy of 23 kJ/mol and a higher activation energy regime above 500 K with an apparent activation energy of 40 kJ/mol. Figure 16d also clearly indicates that at low CO and NO pressures, positive orders of reaction rates were detected for both CO and NO, indicating that due to the low adsorption energy of CO and NO on the AuPd(100) surface, none of these reactants act as inhibitors or surface site blockers. On the other hand for NO-rich compositions reaction rate was found to be decreasing with increasing NO partial pressure, revealing the negative effect of site blocking upon the accumulation of atomic N and atomic O (i.e. NO dissociation products) on the surface. The same study [69] also investigated the CO ? O 2 ? NO reaction on the AuPd(100) bimetallic alloy surface at elevated pressures, where it was reported that low-pressure NO promotes CO ? O 2 reaction via the formation of gas phase NO 2 , providing a more efficient atomic oxygen supplier than O 2 below 600 K. However above a critical NO pressure, NO 2 leads to the surface oxidation, inhibiting CO 2 formation. Furthermore, it was also demonstrated that Pd/Au surface atom ratio on the AuPd(100) alloy undergoes variations as a function of the composition and the total pressure of the reactant mixture and these subtle, yet important changes can be effectively followed by the powerful PM-IRAS technique.
CO ? H 2 Co-adsorption and Reaction
CO ? H 2 Co-adsorption and Reaction on
Co(0001) CO ? H 2 co-adsorption and reaction is particularly important for Fisher-Tropsch (FT) reaction where cobalt based supported catalysts are actively used in the industry. Thus, CO ? H 2 system was studied at elevated pressures on Co(0001) model catalyst surfaces by Shell research laboratories [77] . It was shown that the clean/lowdefect density Co(0001) surface functions as a methanation catalyst with a low chain growth probability (a) factor, rather than a true FT catalyst [77] [78] [79] . On the other hand, polycrystalline Co foils exhibiting a high surface defect density was found to be more efficient FT catalysts with a higher a factor. Thus, Oosterbeek exploited PM-IRAS technique in order to investigate CO adsorption on clean Co(0001) surface and determined the CO adsorption configurations (Fig. 17a) . At low pressures, CO preferred atop sites while increasing pressure led to threefold and bridging adsorption configurations. CO adsorption on an annealed (low-defect density) Co(0001) surface was also compared with that of a defective Co(0001) model catalyst surface which was prepared via extensive ion bombardment (Fig. 17b) . It was shown that the presence of defects led to the appearance of an additional CO atop adsorption state having a characteristically higher vibrational frequency than that of the regular atop CO adsorbed on low-defect density terraces. These new defect states were both observed under UHV conditions with a CO exposure of 10 L (1 L = 10 -6 Torr 9 s) as well as at elevated pressures (i.e. P CO = 100 mbar). Upon dosing of the syngas (SG = CO ? H 2 ) at 493 K, it was found that the atop CO adsorbed on the low-defect density terrace sites remained intact as spectator species, while the vibrational signal for the atop CO adsorbed on defect sites irreversibly attenuated, suggesting the active involvement of these sites in the polymerization and chain growth (FT) process. It was also shown that the hydrocarbon production was proportional to the surface defect density [77] [78] [79] [42, 80, 81] . These studies revealed that clean Pd(111) single crystals surface was relatively unreactive for CO hydrogenation, mostly due to CO poisoning of the catalyst surface, while formation of CH x O species (i.e. indication of CO hydrogenation) was observed on the defect-rich Pd(111) model catalyst surface [42] . In a similar fashion, generation of trace amounts of methane and methanol was also detected upon high-pressure CO ? H 2 adsorption on the Pd/Al 2 O 3 / NiAl(110) model catalyst surface [81] . Indications for surface roughening on clean Pd(111) was also reported upon high pressure CO ? H 2 adsorption [81] .
CO ? O 2 Co-adsorption and CO Oxidation Reaction
CO oxidation is a widely used test reaction for demonstrating the activity of heterogeneous catalytic prototypes. Thus, there exist a vast number of surface science studies elucidating the mechanism of this very important reaction over a large number of different model catalyst systems under various reaction conditions. Thus in this review, rather than providing a comprehensive ''grand survey'' of the mechanism of the CO ? O 2 reaction on the previously investigated model catalyst surfaces under different reaction regimes, we will focus on various selected examples from the recent literature [64, [67] [68] [69] [70] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] , demonstrating the power of the surface-sensitive in situ vibrational spectroscopic techniques at elevated pressures and highlight some of the very critical, yet controversial points which are subject of intense discussion in the current literature. For a detailed discussion on some of the general aspects of the heterogeneous catalytic CO oxidation reaction, the reader is referred to a recent review article and references therein [98] . Although seemingly a simple reaction, CO oxidation reaction on PGMs constitutes some of the most characteristic genres of mechanistic micro steps that are ubiquitous for many heterogeneous catalytic reactions, such as molecular adsorption and desorption of a reactant (CO(g) $ CO(ads)), dissociative adsorption of a reactant (O 2 (g) $ 2O(ads)), reactive combination of adsorbates (CO(ads) ? O(ads) ? CO 2 (g)), competition for adsorption sites leading to inhibition/poisoning, adsorbate induced surface morphology changes, surface/bulk oxide formation and oscillatory behavior (bistability) [64, [67] [68] [69] [70] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] . Goodman et al. provided some of the most recent and extensive studies on the CO ? O 2 reaction on PGM single crystal model catalyst surfaces (e.g. Pt, Pd, Rh, Ru, AuPd) at elevated pressures via PM-IRAS technique [64, [67] [68] [69] [70] [82] [83] [84] [85] [86] [87] [88] [89] [90] which will form the main focus of this review.
It is generally accepted that Langmuir-Hinshelwood reaction mechanism is valid for the CO oxidation on PGM single crystal surfaces at both low-pressure (i.e. UHV) as well as high-pressure (i.e. close to atmospheric pressure) conditions where the molecularly adsorbed CO reacts with the atomic oxygen on the surface (generated via dissociative adsorption of O 2 (g)) forming CO 2 which quickly desorbs from the surface [64, [67] [68] [69] [70] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] . In other words, no ''pressure-gap'' effects were found on typical PGM single crystal model catalyst surfaces [88] .
Under low pressure conditions, inhibition of O 2 adsorption due to a high CO(ads) coverage was found to be a much stronger factor than the alternative inhibition process associated with the inhibition of CO(ads) by atomic (surface) oxygen [88] . Thus the optimum reaction conditions under low pressures involve a low CO surface coverage. At low temperatures and pressures (i.e. under low reaction rate regime), reaction rate is limited by the CO poisoning. Thus, increasing temperature under these conditions has a positive effect on the reaction rate until particularly high temperatures are reached, where the reaction rate starts to be limited by the surface oxygen inhibition decreasing the CO surface residence time and CO surface coverage. Such O-rich surfaces correspond to a high reaction rate regime [88] . Hence, most of the kinetic aspects of the CO oxidation reaction on PGM can be elucidated by considering the inhibition (competitive adsorption) pathways and the oscillatory oxidation/reduction of the catalyst surface. Therefore, ultimate reactivity could be obtained by optimizing the reaction conditions in order to control CO-inhibition/O-inhibition and oxidation of the PGM catalyst.
Under high pressure conditions, CO oxidation reaction on PGM single crystal model catalyst surfaces tend to have three typical kinetic regimes: (i) CO-inhibited low temperature regime with a low reaction rate, where the rate is controlled by CO desorption from the surface, (ii) a mass transfer limited (MTL) regime with a high reaction rate and (iii) a transient hyperactive (extremely fast) regime in between the first two regimes which is not controlled by MTL [82] . Under high pressures and low temperatures (CO-inhibited conditions), reaction rate exhibits first order dependence on O 2 partial pressures and a negative (*-1) order dependence on CO partial pressures where the reaction rate is directly controlled by the rate of CO desorption from the surface. It has been reported that the apparent activation energies (E a ) of the CO oxidation reaction on Pt, Pd, Rh model catalysts were about 110 kJ/mol which is very close to the CO desorption energies of these surfaces. Thus under these conditions, reaction is clearly Fig. 17 a In-situ PM-IRAS data for CO adsorption on clean Co(0001) at room temperature (RT). b PM-IRAS data for CO and CO ? H 2 (syngas) adsorption on low-defect density (annealed) and defective Co(0001) surfaces. CO adsorption is presented for UHV conditions (10 L) at RT, 100 mbar at RT and 100 mbar at 493 K while 300 mbar of syngas (100 mbar CO ? 200 mbar H 2 ) was dosed at 493 K Top Catal (2013) 56:1569-1592 1585 structure insensitive. Ru exhibits an anomaly among other PGM, where although Ru is the least active surface at low pressures, it is found to be the most active surface at high pressures [83] . Higher activity of the Ru surface at elevated pressures and low temperatures was attributed to the higher tendency of this surface to be covered with oxygen atoms, reaching a CO-uninhibited regime more readily [83] . On Pd and Rh surfaces, under high pressures and high O 2 partial pressures, reaction was found to be inhibited by the deactivation due to oxidation of the metal catalysts forming oxide phases, however metallic Pt model catalysts were observed to be much more resistant towards surface oxidation, requiring extremely high oxygen partial pressures for deactivation (Fig. 18 ) [83] . Next few sections of this review, concentrate on the elevated-pressure CO oxidation reaction studies performed on a selected set of PGM single crystal model catalyst surfaces providing spectroscopic and kinetic evidences for the arguments discussed above. Figure 19 presents a set of PM-IRAS results [82] obtained at different CO oxidation reaction conditions on Rh(111) whose overall kinetic behavior is described in Fig. 18a [88] . It is apparent that below 450 K (i.e. under low reaction rate conditions) CO is typically found to adsorb in both atop (with m CO \ 2,100 cm -1 ) and threefold configurations (with 1,850 cm -1 \ m CO \ 1,900 cm -1 ), where threefold species disappear at high temperatures with increasing reaction rate (Fig. 18a) . Probably one of the most important aspects of the vibrational features of adsorbed CO given in Fig. 19 is the fact that all of these frequencies match with CO molecules adsorbed on a metallic Rh surface and not with RhO x , as CO adsorption frequencies on oxidized Rh surfaces are expected to appear at much higher frequencies (e.g. 2,130 cm -1 ). Interpretation of the spectroscopic data in Fig. 19 together with the kinetic results presented in Fig. 18a suggests that for low reaction rate (CO-inhibited) regime, CO exists predominantly in atop configuration whose vibrational frequency red shifts down to *2,065 cm -1 with increasing temperatures/increasing reaction rates. Upon reaching the roll-over (i.e. steady state exhibiting a surface oxygen coverage higher than 0.5 ML), a new atop CO feature appears at 2,084 cm -1 . This latter feature was attributed to the CO adsorbed on an O-rich metallic Rh(111) surface which is comprised of chemisorbed atomic oxygen species on metallic Rh(111), rather than a surface or a bulk rhodium oxide.
CO Oxidation on Rh(111)
Gao et al. [82] also demonstrated that under extremely O-rich conditions (i.e. O 2 /CO = 8/1) at 460 K, metallic Rh(111) surface can be oxidized after a certain time period under the reaction conditions which is accompanied by a drastic fall in the reaction rate and concomitant appearance of a new CO adsorption feature at 2,130 cm -1 associated with the atop CO adsorption on the oxide. Thus, these authors argued that neither bulk oxide nor surface oxides of Rh are active in CO oxidation reaction and the reaction is governed by simple Langmuir-Hinshelwood mechanism under steady state conditions where the active phase is comprised of O-rich (h CO [ 0.5 ML) metallic Rh(111) surface. Although interpretation of the experimental results of Goodman et al. summarized above seems to be selfconsistent, these results were recently challenged by highpressure surface X-ray diffraction (SXRD) results by (100) at various temperatures and reactant compositions where partial pressure of CO is kept constant at 8 Torr [83, 88] Gustafson et al. [91, 92] who argued that contribution from a ''surface oxide'' phase of rhodium to the high reaction rate should not be excluded. (Fig. 20) and kinetic studies (Figs. 18c, 20b ) on the CO oxidation reaction was also extended to Pd(100) model catalyst surfaces by Goodman and co-workers [87] . These authors reported that under the steady state reaction conditions at low pressures, CO oxidation reaction was found to be only CO-inhibited without any sign of O-inhibition. Furthermore, under these conditions, CO conversion was found to be ''collision-limited'' and the optimized CO conversion is independent of the O 2 /CO for P CO B 1 9 10 -4 Torr, where the CO surface coverage was always extremely low [87] . On the other hand, under high pressures, three different reaction regimes were observed as in the case of Rh(111) [87] :(i) CO-inhibited low temperature regime with a low reaction rate, (ii) a MTL regime after the ''roll-over'' with a high reaction rate and (iii) a transient hyperactive (extremely fast) regime in between. PM-IRAS data given in Fig. 20a-d suggest that under the CO-inhibited regime CO exhibits vibrational frequencies above 1,960 cm -1 corresponding to bridging CO with a surface coverage greater than 0.6 ML. For the stoichiometric (Fig. 20a ) and mildly oxidizing (Fig. 20b) reactant mixtures, no CO species other than bridging CO was detected. Just after the roll-over, a steady state high reactivity regime is reached with h CO close to zero. On the other hand a quite interesting behavior is observed for moderately/strongly O 2 -rich gas mixtures (Fig. 20c-e) . For these O 2 -rich gas mixtures, in the CO-inhibited regime (i.e. within 300-525 K), reaction rate increases with increasing temperature as a function of decreasing h CO (Fig. 18c, e,  region (i) ). At 500-525 K the transient hyperactive state is reached (Fig. 18c, 20e , region (ii)) which has almost no adsorbed CO on the surface. However a further increase in temperature to 550 K results in a sharp fall in reaction rate (Fig. 18c, 20e , region (iii)) and the concomitant formation of two new features in PM-IRAS data at 2,087 and 2,142 cm -1 which were assigned to the CO adsorbed on 3D surface oxide (but not bulk PdO) formed on the Pd(100) model catalyst surface. This 3D surface oxide phase was argued to be a less reactive phase resulting in a decrease in the reaction rate below the MTL reaction rate (Fig. 18c) . Increasing the temperature above 550 K leads to the disappearance of the 2,087 and 2,142 cm -1 features which is accompanied by an increase in the reaction rate back to MTL value, indicating the thermal decomposition of the inactive PdO x surface oxide. Such arguments were also supported by other studies performed on high surface area (powder) Pd/Al 2 O 3 surfaces [99] favoring the active phase being the ''O-covered metal surface'' rather than the surface oxide. It is worth mentioning that Frenken and coworkers [93, 100] disagreed with these interpretations and claimed via SXRD experiments that the active phase in CO oxidation on Pd(100) is a surface oxide phase rather than the O-chemisorbed metallic Pd(100) surface.
CO Oxidation on Pd(100) Similar PM-IRAS
3.2.4.3 CO Oxidation on Pt(110) Analogous elevatedpressure CO oxidation reaction studies on Pt(110) by Goodman and co-workers [87] suggested that Pt(110) surface has similar CO-inhibited and hyperactive regimes which is followed by a roll-over leading to a high reactionrate (steady state) regime at elevated temperatures. Probably the most striking difference of the Pt(110) surface compared to Pd(100) and Rh(111) is the fact that even under extremely O 2 -rich gas mixtures (i.e. O 2 /CO = 1/10) no indications of Pt oxidation was observed via PM-IRAS. In other words, for all of the investigated gas compositions and temperatures, CO vibrational signal in PM-IRAS was found to be within 2,050-2,110 cm -1 and no CO vibrational signal above 2,110 cm -1 (a characteristic signature of oxide surfaces) was detected revealing the strong oxidation resistance of Pt(110) surface with respect to that of Pd(100) and Rh(111).
3.2.4.4 CO Oxidation on Ru(0001) and RuO 2 As mentioned in earlier sections, Ru surfaces present an anomalous case in the CO oxidation reaction. In order to address this issue, Goodman and co-workers [83, 90] investigated the [87] behavior of the metallic (Ru(0001) and oxide (RuO 2 (110)/ Ru(0001)) model catalyst surfaces using kinetic and spectroscopic techniques. These studies revealed that on Ru(0001), under stoichiometric and reducing conditions within 300-700 K as well as under net-oxidizing conditions below 475 K, the most active phase was determined to be a metallic Ru(0001) surface which was covered with chemisorbed oxygen. This chemisorbed oxygen was also found to be thermodynamically stable phase, which can readily exist under these reaction conditions, where the CO oxidation reaction was reported to occur predominantly on the surface defect sites of the (1 9 1)-O/Ru(0001). The density of these sites was reported to be between 0.01 -1 9 10 -5 ML, while the CO adsorption energy on these sites (i.e. 68 kJ/mol) is significantly lower than that of the O-covered Pd, Pt and Rh (i.e. *100 kJ/mol) and RuO 2 (i.e. *120 kJ/mol) [83, 90] . On the other hand, RuO 2 (110)/ Ru(0001) model catalyst prepared by growing an oxide ultrathin film on the metallic Ru(0001) substrate, was active and stable only at temperatures above 475 K and under net-oxidizing conditions. Furthermore, it was also pointed out that pure RuO 2 in the absence of a metal substrate and strong metal support interaction or ''SMSI'' was not active. It was also demonstrated that for a stoichiometric gas mixture, the oxide ultrathin film on the RuO 2 (110)/Ru(0001) model catalyst surface was readily reduced to the metallic O-covered state (active phase).
On the other hand, under net-oxidizing conditions (i.e. O 2 /CO = 5/1) and at 550 K, (1 9 1)-O/Ru(0001) surface was observed to transform into RuO 2 (110)/Ru(0001) where the oxide phase revealed 4 times higher conversion than the (1 9 1)-O/Ru(0001) surface [83, 90] . However, Goodman and co-workers [83] emphasized that this observation should not be interpreted in a universal fashion in order to assign a higher activity for RuO 2 than a metallic Ru surface; as RuO 2 phase is not stable below 500 K under reaction conditions. Furthermore, when the activity of these two surfaces were compared in a ''per-active site'' basis, (1 9 1)-O/Ru(0001) surface where active sites were reported to be the defect sites with a surface coverage as low as 10 -5 ML seems to be more active than the RuO 2 (100)), bimetallic Au-Pd alloy thin films grown on Mo(110) [70] and bimetallic Au-Pd alloy nanoparticles deposited on TiO 2 ultrathin films grown on Mo(110) [70] . It was reported that at low pressures, alloying with Au leads to alterations in the electronic structure and the reaction activation energy as well as the formation of isolated Pd sites which are incapable of O 2 dissociation revealing a relatively less active surface. However at elevated pressures, upon surface segregation of Pd and the formation of contiguous Pd sites, a high activity was observed (even at low temperatures). As a result of the lower CO adsorption strength on the Au-Pd alloys, these systems show superior CO oxidation performance compared to pure Pd catalysts which exhibit severe CO-inhibition for stoichiometric mixtures at elevated pressures and low temperatures. On the other hand, under net-oxidizing conditions at elevated pressures, Pd reveals a higher initial activity than Au-Pd bimetallic systems due to its higher O 2 activation/dissociation capability. Owing to the low oxidation resistance of Pd catalysts, these surfaces quickly lose their CO oxidation activity under net oxidizing conditions while the Au-Pd alloy systems can robustly sustain their metallic structure and catalytic performance under the same conditions [70] . Furthermore, bimetallic single crystals, bimetallic Au-Pd alloy thin films grown on Mo(110) and bimetallic Au-Pd alloy nanoparticles deposited on TiO 2 ultrathin films grown on Mo(110) showed similar kinetic behavior highlighting the structure insensitivity of this reaction at elevated pressures [70] . These interesting studies suggest that Au-Pd systems can be potentially used as highly active and extremely stable oxidation catalysts in many industrial applications.
Methanol Adsorption and Reaction on Pd-Based Model Catalysts
Methanol adsorption, decomposition/partial oxidation and methanol steam reforming (MSR) reactions have been extensively studied via SFG and PM-IRAS on different forms of Pd-containing model catalyst surfaces in the literature. For a detailed discussion of these model catalyst studies and other mechanistic aspects of these reactions, reader is referred to a recent review article by Bäumer et al. and references therein [101] . Some of the earlier and informative surface science studies on methanol adsorption and reactions on single crystal surfaces can also be found in References [102, 103] . Figure 21a presents elevated pressure methanol decomposition and methanol partial oxidation experiments performed on Pd(111) via PM-IRAS technique [104, 105] . Bottom spectrum in Fig. 21a corresponds to methanol decomposition at 300 K with P MeOH = 5 mbar, revealing the formation of surface CH 2 O and CO species. Complementary XPS studies (Fig. 21b) performed along with the PM-IRAS experiments indicated a direct correlation between CH 2 O formation and accumulation of carbonaceous (CH x ) species on the surface. Top spectrum in Fig. 21a is associated with methanol oxidation in the presence of oxygen where it was found that the CO 2 yield is enhanced on the C-modified Pd(111) surface, compared to a clean Pd(111) surface. In a more recent study, Rameshan et al. [106] examined MSR reaction (CH 3 OH ? H 2 O ? CO 2 ? 3H 2 ) on PdZn(1:1)/Pd(111) bimetallic catalyst surface at elevated pressures via PM-IRAS. These studies showed that CO 2 selectivity of the PdZn 1:1 bimetallic surface alloy in MSR reaction was dictated by the subsurface layer structure. Along these lines, while a five-layer PdZn 1:1 multilayer system revealed a high selectivity towards CO 2 ; PdZn 1:1 monolayer surface produced exclusively CO and H 2 rather than CO 2 . Furthermore using CO adsorption via PM-IRAS, variations in the surface composition of the bimetallic system at elevated temperatures and pressures were also monitored (Fig. 22) . Top spectrum in Fig. 22 corresponds to CO adsorption on a multilayer PdZn (1:1) alloy annealed at 573 K, exhibiting a homogenous surface composition, where CO adsorbs only in atop configuration (2,071 cm -1 ) due to the lack of contiguous Pd sites. Upon annealing the multilayer PdZn (1:1) alloy at 623 K, complementary LEIS experiments suggested that the surface became richer in Pd. This is also evident in the corresponding PM-IRAS spectrum in Fig. 22 (middle spectrum) presenting the existence of a new feature at 1,918 cm -1 . Annealing at higher temperatures such as 673 K led to a further enrichment of the surface with Pd and the generation of a 1,956 cm -1 CO vibrational signal associated with bridging CO on contiguous surface Pd sites [106] .
Conclusions and Outlook
Monitoring the surface chemistry of heterogeneous catalysts under industrially relevant conditions such as elevated Fig. 21 a PM-IRAS data for methanol decomposition (bottom spectrum) and methanol oxidation (top spectrum) on Pd(111) at elevated pressures. b Time dependent evolution of CH 2 O and CH x species during the methanol decomposition reaction [104] Fig. 22 PM-IRAS data for 5 mbar CO adsorption at 300 K on a multilayer PdZn (1:1) alloy which is previously annealed at 573, 623 and 673 K [106] temperatures and pressures is a challenging yet an extremely rewarding task which requires dedicated in situ spectroscopy methods. Due to their photons-in, photonsout nature, vibrational spectroscopic techniques offer a very powerful and a versatile experimental tool box, allowing real-time investigation of working catalyst surfaces at elevated pressures. IRAS, polarization modulation-IRAS (PM-IRAS or PM-IRRAS), SFG techniques reveal valuable surface chemical information at the molecular level, particularly when they are applied to atomically well-defined planar model catalyst surfaces such as single crystals or ultrathin films. In this review article, recent state of the art applications of in situ surface vibrational spectroscopy were presented with a particular focus on elevated pressure adsorption of probe molecules (e.g. CO, NO, O 2 , H 2 , CH 3 OH,) on monometallic and bimetallic transition metal surfaces (e.g. Pt, Pd, Rh, Au, Co, PdZn, AuPd, CuPt). Furthermore, elevated pressure carbon monoxide oxidation, and CO hydrogenation, Fischer-Tropsch, methanol decomposition/partial oxidation and MSR reactions on single crystal PGM surfaces were discussed. Different case studies were discussed in order to demonstrate the capabilities, opportunities and the existing challenges associated with the in situ vibrational spectroscopic analysis of heterogeneous catalytic reactions on model catalyst surfaces at elevated pressures. These examples clearly indicate that although certain catalytic systems (e.g. CO/ Pd(111)) lack a ''pressure gap'' where UHV experiments provide an excellent description of the catalytic system at elevated pressures, other simple model catalyst systems such as NO/Pd(111) reveals a ''pressure gap'', where observation of various novel catalytic species becomes only possible under elevated temperatures and pressures. These case studies point to the fact that rather than relying solely on conventional UHV surface science experiments on model catalyst systems, in situ surface sensitive vibrational spectroscopic techniques such as PM-IRAS and SFG should be complemented with the conventional UHV methods in order to obtain a realistic and an accurate view of the working catalysts at the molecular level.
